Abstract We demonstrate position-controlled III-V semiconductor nanowires (NWs) by using selective-area metalorganic vapor phase epitaxy and their application to solar cells. Efficiency of 4.23% is achieved for InP core-shell NW solar cells. We form a 'flexible NW array' without a substrate, which has the advantage of saving natural resources over conventional thin film photovoltaic devices. Four junction NW solar cells with over 50% efficiency are proposed and discussed.
INTRODUCTION
Semiconductor nanowires (NWs) have attracted much attention for use in future nanometer-scale electronic and optical devices (Hiruma et al. 1995; Gudiksen et al. 2002) , because they have small diameters and large surface areas that enable the fabrication of various kinds of functional devices through the use of p-n junction or hetero-junction structures. For example, the NWs of axial hetero-junction structures with highly lattice-mismatched materials can be formed, and growth in the radial direction succeeding axial growth enables the formation of core-shell (CS) or core-multishell (CMS) NWs. The use of axial or CS NWs provides considerable functionality to NW-based devices.
The main approach to grow NWs is based on a vaporliquid-solid (VLS) mechanism (Wagner and Ellis 1964) , which uses catalysts and liquid phase underneath metal particles for crystallization. VLS-grown III-V compound semiconductor nano-whiskers were investigated in the early 1990s (Hiruma et al. 1991) . The potential of NWs to be applied to future electronics and photonics was demonstrated in the early 2000s after this pioneering work (Gudiksen et al. 2002; Björk et al. 2002) . Since then, the VLS method has become exceedingly common because it can be used to synthesize almost all semiconductor NWs through rather simple procedures. However, it sometimes encounters difficulties in forming axial hetero-junctions with sharp interfaces and forming CMS NWs by changing the growth direction. Accordingly, the self-catalyzed method has recently been investigated as a means of growing NWs to avoid the unintended generation of impurities (Morral et al. 2008) .
Another approach to grow NWs is catalyst-free selectivearea growth. Selective-area metal-organic vapor phase epitaxy (SA-MOVPE) is a kind of template method, which involves a combination of bottom-up (epitaxial growth) and top-down (lithography) approaches. This enables the fabrication of nanostructures with lithographically defined positioning. The masks used with this method are usually amorphous film, such as SiO 2 and SiN x . The use of (111) B-oriented substrates enables the formation of both inclined {110} facets and vertical {1-10} facets. The formation of only {1-10} vertical facets on a (111)B-oriented surface has been demonstrated by Fukui et al. (1990) . After that, vertical hexagonal nanostructures could be formed by using selectivity to form {1-10} facets, and these structures were thereafter applied to laser and photonic crystals.
This approach can be applied to grow NWs by using smaller mask openings. Position-controlled polygonal nanostructures surrounded by several facets can be formed inside the openings, because crystal continues to grow through the mechanism of faceting growth. Because the direction of preferential growth for III-V NWs is the h111iA or h111iB directions, the use of III-V (111)A or B substrates enables the formation of vertically aligned hexagonal pillars surrounded by {-110} vertical sidewalls. These position-controlled NWs have been achieved in III-V compound semiconductors, such as GaAs (Noborisaka et al. 2005) and InP (Mohan et al. 2005) . Position-controlled CS NWs, CMS NWs, and axial heterostructure NWs have also been reported. This paper reports on our recent work on the position-controlled growth of III-V NWs by applying SA-MOVPE to solar cell applications.
PHOTOVOLTAIC APPLICATION OF III-V SEMICONDUCTOR NWS
In photovoltaic applications, the periodic NW array structure has the potential to improve optical absorption while reducing optical reflections. It is predicted that CS structures with radial p-n junction (Hu and Chen 2007) , which are aligned parallel to incident light, will improve the collection efficiency of photo-generated electrons and holes across the junction area. Moreover, this structure has the advantage of saving natural resources over conventional thin film photovoltaic devices. These advantages can be demonstrated by utilizing a well aligned array of high quality NWs. A lot of photovoltaic applications of NWs have been reported (Tian et al. 2007; Kelzenberg et al. 2008; Colombo et al. 2009; Czaban et al. 2009; Borgström et al. 2011) , but comparatively few periodically aligned NWs with uniform CS structures have been fabricated thus far. We have recently fabricated highly uniform InP CS NWs with radial p-n junctions and demonstrated InP NWbased photovoltaic devices. Figure 1 shows a schematic view of an InP CS NW solar cell on a p-InP substrate.
InP has an appropriate bandgap energy of 1.34 eV for solar cell application at room temperature. The CS III-V NWs grown by SA-MOVPE provide both geometrical and electrical advantages for photovoltaic applications.
The growth conditions for core p-type InP NWs were described in Goto et al. (2009) . The sequences of crystal growth for intrinsic and n-type InP shell layers were carried out continuously by changing the growth conditions. The T G was decreased to 570°C to grow the shell layer and the partial pressure of TBP was increased to 1.6 9 10 -4 atm to enhance lateral growth. The molar flow ratio of SiH 4 /TMI was 5.67 9 10 -3 during the growth of n-type shell layers. Although the dopant concentration was not investigated in any layer of CS NWs, secondary ion mass spectrometry (SIMS) analysis of the thin film crystal grown outside the NW array revealed that the concentration of Zn in the p-type layer was 6 9 10 18 atoms cm -3 and that of Si in the n-type layers was 1 9 10 18 atoms cm -3 . A Zn concentration of up to 2 9 10 18 atoms cm -3 was also detected in the intrinsic layer between p-n junction. This was probably due either to the memory effect of the Zn dopant inside the growth chamber or Zn diffusion from the p-type core region. Figure 2 shows a scanning electron microscope (SEM) image of an InP CS NW array. The average diameter of core InP NWs was 135 nm and this was almost equal to that of the holes in the SiO 2 mask pattern. This means that core NWs mainly grew perpendicular to the substrate, i.e., in the h111iA direction, with little lateral growth. After the shell layer had been grown, the diameter increased and became 180 nm on average. This increased diameter suggests the formation of a radial p-n junction as a CS structure. The NW array grown by SA-MOVPE was rather dense compared with the VLS NW array, and the filling factor was 20%. Such a dense NW array was produced as a result of controlling the position and direction of all NWs grown by SA-MOVPE.
We fabricated a photovoltaic device using a CS p-n junction InP NW array covering an area of 1.0 mm 9 1.0 mm on a p-type InP (111)A substrate. Figure 3 shows a cross-section SEM image of an InP CS NW solar cell. We used an indium tin oxide (ITO) film as a transparent electrode for the photovoltaic devices. ITO film was sputtered on the NW array at RT, followed by heat treatment at 400°C to reduce the resistance of ITO. ITO deposited quaquaversally on the some long wires due to the large steps. Then, an Ag electrode as a carrier collector was formed on the transparent ITO electrode. An Au-Zn alloy ohmic contact was also formed on the back of the InP substrate. The chip was a triangle with sides of 6 mm and the active NW area consisted of 0.683 mm 9 0.683 mm segments. The active area contained NW interspaces but excluded domains that were covered with Au electrode connecting the whole array. The photovoltaic performance was measured under air-mass 1.5 global (AM1.5G) illumination, where the radiation intensity was calibrated using a reference cell module just before measurement was carried out. Figure 4 plots the I-V characteristics of the InP NW array cell. The device had an open circuit voltage (V OC ) of 0.674 V, a short circuit current (J SC ) of 11.1 mA cm -2 , and a fill factor (FF) of 0.585, which corresponds to an overall efficiency of 4.23%. The current density and efficiency were determined on the basis of the active area. This efficiency was much smaller than that of normal InP planar devices (Sugo et al. 1985) because the growth conditions and layer thicknesses for our devices were not optimized.
Many issues still remain for improving NW solar cell efficiency. For instance, more accurate and controlled doping are required to reduce both contact and series resistances. The size of the NWs should also be optimized to achieve better matching with the diffusion length of electrons in a p-type region as predicted from theoretical calculations (Hu and Chen 2007) . Non-uniform arrays and NW thickness fluctuation may also reduce the efficiency of present devices. Additional surface passivation should suppress the radial built-in electric field and decrease the surface recombination with photo-generated electrons and holes. For example, in this work the InP wire surfaces will be covered with a wider band gap material (AlInP) and the resultant decrease in the surface recombination of generated carriers will increase solar cell efficiency.
FUTURE PROSPECTS FOR NW SOLAR CELLS
We also demonstrate a 'flexible NW array' without a substrate. The interface stress between the wires and substrate makes it easy to remove the wire part after all the device processes have been completed. Furthermore, this enables the substrate to be reproducibly used. We confirmed uniform NW array growth on re-used patterned substrates. If a substrate could be used many times, it would greatly reduce the cost of NW solar cells. This flexible NW solar cell array is advantageous in that, compared with conventional solar cells, it requires two orders less of semiconductor materials for electric power generation. For example, a NW solar cell with 15% efficiency requires only 6 mg of semiconductor material (InP) to generate 1 W of electric power, while 3.3 g of silicon is needed for a commercially available silicon solar cell with the same efficiency. Another important feature of semiconductor NWs is hetero-junction formation with highly lattice-mismatched materials. Good quality axial hetero-junction NWs can be formed despite high lattice mismatched. For example, no threading dislocation is formed in 200-nm diameter NWs with as much as 3% lattice mismatched (Glas 2006) . This is an important advantage for multi-junction NW solar cell formation. Up to now, the highest solar cell efficiency in three-junction cells under the global AM1.5 spectrum (1000 W m -2 ) is 36%, which has been attained III-V semiconductors with lattice-mismatched materials, such as three-layer InGaP/GaAs/InGaAs solar cells (Green et al. 2012) . In this way, for further improvement of solar cell efficiency, lattice-mismatched hetero-junction growth is needed. However, it is difficult to obtain good quality layer growth without generating misfit dislocations. To address this problem, we propose four-junction NW solar cells (see Fig. 5 ) to attain efficiency of over 50%. We have previously reported the successful growth of hetero-junction NW cells with 2.1% lattice mismatched. In the proposed four-junction cells, each NW segment has 1.1-2.3% lattice mismatched at the hetero-junction interface area. Theoretical calculation suggests that if the NW diameter in these cells were less than 200 nm, coherent growth could be obtained without misfit dislocation formation (Glas 2006) . The efficiency for cells of this type has been theoretically calculated at 55.3% (Bremner et al. 2007 ).
SUMMARY
We have demonstrated the use of SA-MOVPE to achieve position-controlled growth of III-V NWs for solar cell applications. The several advantages of NW solar cells make them very promising next-generation solar cells. In photovoltaic applications a periodic NW array structure has the potential to improve optical absorption while reducing optical reflections. Further, it is predicted that CS structures with radial p-n junction, which are aligned parallel to incident light, will improve the collection efficiency of photo-generated electrons and holes across the junction area. We obtained efficiency of 4.23% for InP CS NW solar cells. Moreover, the NW array structure has the advantage of saving natural resources over conventional thin film photovoltaic devices. We also formed a 'flexible NW array' without a substrate, thus enabling the substrate to be reproducibly used. This array requires two orders less of semiconductor materials for electric power generation. In addition, we proposed the use of four-junction NW solar cells to achieve over 50% efficiency. A number of issues, however, remain to be addressed to improve NW solar cells so that they can be put to practical use.
